We report the polyethylenimine (PEI)-mediated immobilization of palladium nanoparticles (Pd NPs) onto filter paper for catalytic applications. In this work, filter paper was first assembled with PEI via electrostatic interaction, and the PEI-assembled filter paper was then complexed with PdCl 4 2À ions, followed by sodium borohydride reduction to generate Pd NP-immobilized filter paper. Transmission electron microscopy reveals that Pd NPs have a diameter of 3 nm and are capable of being immobilized onto the filter paper.
Introduction
Tremendous scientic and technological interest has been raised by metallic nanoparticles (NPs) for catalytic applications 1-3 because of their huge surface area and distinctive surface electronic properties. 4, 5 Palladium NPs (Pd NPs), as one of the representatives, have been paid increasing attention owing to their intriguing properties and high catalytic activity.
6,7
Colloidal Pd NPs have been widely used as catalysts, [8] [9] [10] [11] [12] such as for the reduction of Cr(VI) to Cr(III), and 4-nitrophenol (4-NP) to 4-aminophenol (4-AP). Cr(VI) is a common heavy metal contaminant due to its carcinogenic and mutagenic nature. In addition, it leads to liver damage, pulmonary congestion and causes skin irritation. Because Cr(III) plays an important role in sugar and fat metabolism, the reduction of Cr(VI) to Cr(III) is usually chosen as an effective method for the remediation of Cr(VI)-contaminated water.
13,14 4-NP generated from industrial effluent has been considered as the most toxic and refractory pollutant. It has been cited by the U.S. Environmental Protection Agency on the "Priority Pollutant List" due to the potential environmental and public health risks. 15 The reduction of 4-NP to 4-AP has been intensively investigated because of the fact that the produced 4-AP is an important intermediate for the manufacture of chemicals and drugs. 16 However, the practical catalytic applications of Pd NPs in solutions are limited owing to their colloidal stability issues and recyclability. The general approach to overcome such shortcomings is to immobilize metallic NPs onto different types of solid matrices such as bers, [17] [18] [19] 
29
Commercial lter paper possesses many unique features such as high porosity, good exibility, robust mechanical durability, and chemical stability. 30 Furthermore, lter paper with cellulose as a major component can be easily modied due to the fact that cellulose is an oxygen-rich natural polymer, 31 and the porous structure and microbrils of the lter paper are amenable for metal NPs to be anchored. 32 Hence, lter paper has been ideally used to immobilize Au, 33, 34 
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For catalytic applications, Xu et al. 42 immobilized Pd NPs onto cellulose bers, but the process required long impregnation time (72 h) and high reaction temperature (60 C) to obtain high loading efficiency. Zheng et al. 40 fabricated Pd NP-loaded lter paper with a high catalytic efficiency and recyclability by a dipcoating process. However, the method employed to create Pd NPs was rather complicated and one has to use toxic organic solvents under high temperatures.
Previously, we have shown that Au, 43, 44 Au/Ag, 18 Fe, [45] [46] [47] [48] Fe/Ni, 49 and Fe/Pd NPs 50 could be synthesized in situ and immobilized onto or within polymer nanobers formed via electrospinning. We also demonstrated that Pd NPs can be in situ synthesized and embedded within electrospun polyethylenimine (PEI)/polyvinyl alcohol (PVA) nanobers. 51 In addition, branched PEI was adopted as either a template or stabilizer to prepare metal NPs. [52] [53] [54] These earlier investigations associated with electrospun nanobers immobilized with metal NPs prompted us to hypothesize that Pd NPs could also be immobilized onto lter paper through the assembly of PEI and the PEI-mediated in situ synthesis method.
In this paper, we present an in situ method to immobilize Pd NPs onto lter paper for subsequent applications as a catalyst. A piece of lter paper was rst soaked into a PEI aqueous solution, followed by rinsing with water. Then, the PEI-assembled lter paper was dipped into a K 2 PdCl 4 aqueous solution, rinsed with water, and the PdCl 4 2À adsorbed onto the PEI-modied lter paper was reduced to Pd NPs by sodium borohydride (NaBH 4 ). The generated lter paper containing Pd NPs was characterized via different technologies. We then tested the catalytic performance and reusability of the formed Pd NP-immobilized lter paper through reactions transforming Cr(VI) to Cr(III) (Scheme 1) and converting 4-NP to 4-AP. According to a thorough literature exploration, currently there are no similar studies using PEI to form Pd NP-immobilized lter paper for catalytic applications.
Experimental
Preparation of the Pd NP-immobilized lter paper
The process shown in Scheme 1 is the process of fabricating the Pd NP-containing lter paper. First, a piece of lter paper (1 Â 2 cm 2 , 18 mg and pore size: 15-20 mm) was dipped into a PEI solution (20 mgmL À1 and 5 mL in water) for 5 min and rinsed with water 3 times to eliminate excess PEI. Then the PEImodied lter paper was dipped into a K 2 PdCl 4 solution (13 mgmL
À1
, 5 mL in water) for 5 min and was thoroughly rinsed. The lter paper was then immersed into a NaBH 4 solution (8 mgmL
, 5 mL in water) for 10 min to reduce the complexed PdCl 4 2+ ions. Finally, the formed lter paper containing Pd NPs was washed with copious water, vacuum dried at room temperature, and stored in a desiccator.
Catalysis experiments
We performed the transformation of Cr(VI) to Cr(III) 38,42 and 4-NP to 4-AP 44 to assess the efficiency and reusability of the Pd NPimmobilized lter paper as a catalyst. 51, 55 The details are described in the ESI. †
Results and discussion
Preparation and characterization of the lter paper containing the immobilized Pd NPs
In this study, we immobilized Pd NPs onto the surface of the lter paper via the PEI-mediated in situ reduction of PdCl 4 2À ions. First, PEI was adsorbed onto the lter paper through electrostatic interaction, and then PdCl 4 2À was adsorbed onto PEI by coordination interaction. Finally, PdCl 4 2À was reduced to form Pd NPs using NaBH 4 . The lter paper became quite brown aer the formation of Pd NPs (Fig. S1 , ESI †), verifying the success of the formation of Pd NPs. The morphology of the Pd NP-loaded lter paper was then visualized by SEM (Fig. 1) . As opposed to the Pd-free lter paper, the Pd NP-loaded lter paper shows some particles on the surface of cellulose bers, indicating the success of the immobilization of Pd NPs onto the lter paper. Further, it seemed that the Pd NPs were well dispersed onto the cellulose ber surface. The immobilization of the Pd NPs onto the lter paper was also conrmed by EDS (Fig. S2, ESI †) , where the signal of Pd is apparent.
TEM was employed to observe the distribution of Pd NPs on the lter paper. From the cross-sectional TEM image (Fig. 2a) , it can be observed that the Pd NPs are dispersed along the cellulose ber surface of the lter paper. The Pd NPs exhibit an elliptical shape with a quite narrow size distribution (Fig. 2b) . The average diameter of the Pd NPs was measured to be 3.0 AE 0.9 nm (Fig. 2c) , which is smaller than that of Pd NPs (6.2 AE 1.5 nm) formed by in situ reduction. 56 This suggests that PEI assembled onto the lter paper is capable of limiting the growth of Pd NPs.
TGA was adopted to quantify the percentage of Pd NPs loaded onto the lter paper (Fig. S3, ESI †) . The slight initial loss of weight for the lter paper without and with Pd NPs is likely to be attributed to the moisture loss in the samples, while the weight loss of the Pd NP-loaded lter paper is associated with the decomposition of the lter paper and PEI in the region of 300-800 C. Compared with the lter paper without the loaded Pd NPs (Fig. S3 , ESI, †curve a), the percentage of Pd NPs loaded onto the lter paper was estimated to be 1.1% (Fig. S3 , ESI, †curve b). To further quantify the Pd loading percentage onto the lter paper, ICP-OES analysis was performed. The Pd concentration tested by ICP-OES was 12.5052 ppm, and the Pd loading percentage was calculated to be 1.0%, corroborating the TGA results.
Catalytic transformation of Cr(VI) to Cr(III)
The catalytic activity of the Pd NP-immobilized lter paper was estimated by converting Cr(VI) to Cr(III). The catalytic mechanism of Pd NPs can be explained as follows: (1) formic acid is rst adsorbed onto the surface of Pd NPs, and then decomposed to form H 2 and CO 2 ; (2) Cr(VI) is reduced to Cr(III) by the formed Scheme 1 Schematic illustration of the immobilization of Pd NPs onto filter paper for catalytic applications. H 2 adsorbed onto the surface of Pd NPs. 57 The amine groups on the surface of Pd NPs favor the decomposition of the O-H bond in formic acid dehydrogenation due to the amine grouprendered basic environment. 58, 59 We conrmed the catalytic activity of the lter paper immobilized with Pd NPs rst by the gradual color change of the reaction solution. The color fading from yellow to colorless within 28 min showcased the effective transformation of Cr(VI) to Cr(III) (Fig. S4b, ESI †) . In contrast, the Pd-free lter paper treated with K 2 Cr 2 O 7 solution did not display any apparent color change (Fig. S4a, ESI †) . In addition, a decrease in the characteristic absorbance of Cr 2 O 7 2À at 350 nm with time ( Fig. 3b ) also validated the process of the reduction reaction. The catalytic activity of the Pd NPimmobilized lter paper was calculated to be 98% at 28 min. In comparison, the catalytic efficiency of Pd-activated carbon was 91.6% at 12 min and 94.2% at 28 min (Fig. 4) . This means that Pd-activated carbon could catalyze the conversion of Cr(VI) to Cr(III) quickly, but the catalytic efficiency at 28 min was slightly lower than that of the Pd-immobilized lter paper. In addition, the biggest drawback of Pd-activated carbon is that it is difficult to recover it for the next round of catalytic reactions. In contrast, the Pd NP-immobilized lter paper can be easily recovered and used for at least 3 times (see below).
To further prove the existence of Cr(III) in the nal reaction solution, we added excess sodium hydroxide solution to the reaction mixture. The colorless solution quickly changed to green, implying the generation of hexahydroxochromate(III).
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In the control experiment, the Pd-free lter paper was used to catalyze the transformation of Cr(VI) to Cr(III). The absorption of Cr(VI) at 350 nm showed just a little change over 28 min (Fig. 3a) . These data further supported that the powerful catalytic activity was associated with the Pd NPs immobilized onto the lter paper. The catalytic activity of the Pd NP-loaded lter paper may not be comparable to that of the Pd NPs loaded within the electrospun PAA/PVA nanobrous mats 51 due to the loading capacity and ber structure of the materials. However, the adopted materials of lter paper and the PEI polymer are sustainable and quite cost-effective, and the immobilization procedure is quite simple. Therefore, the prepared Pd NPloaded lter paper may be rather adaptable to industrial use.
The reusability of a catalyst is crucial for practical applications, especially for noble metals. To test the reusability of the Pd NP-immobilized lter paper, the lter paper was rinsed with water and dried for the next round of reaction. By plotting the remaining fraction of Cr(VI) versus reaction time, we compared the catalytic activity of the lter paper containing Pd NPs. Clearly, more than 98% of Cr(VI) can be converted to Cr(III) within 28 min for three reaction cycles (Fig. 5) , validating the remarkable reusability of the Pd NP-immobilized lter paper. It is worth mentioning that the Pd NPs loaded onto the lter paper were stable and were not released during the reaction. This was proven by ICP-OES analysis, showing that no Pd content was detectable in the reaction mixture even aer 3 cycles of catalytic reaction. 
Catalytic conversion of 4-NP to 4-AP
The catalytic property of the lter paper containing Pd NPs was also tested by a model reaction converting 4-NP to 4-AP. By immersing ordinary Pd-free lter paper into the reaction mixture, we did not see the color change of 4-NP solution (Fig. S5a, ESI †) , and the absorption peak of 4-NP at 400 nm just slightly decreased within 36 min (Fig. 6a) . This is likely attributed to the intrinsic physical adsorption of 4-NP onto the lter paper. It demonstrates that the Pd-free lter paper has no catalytic activity. In contrast, when the Pd NP-loaded lter paper was used, gradual color fading of the 4-NP solution occurred (Fig. S5b, ESI †) . This can also be reected by the gradual decrease of the absorbance of 4-NP at 400 nm and gradual emergence of a new peak at 300 nm, suggesting the formation of 4-AP (Fig. 6b) . Around 95% of 4-NP can be converted to 4-AP within 10 min, implying that the Pd NP-loaded lter paper can efficiently catalyze the reduction reaction.
Although colloidal Pd NPs have a high catalytic ability to catalyze the conversion of 4-NP to 4-AP, the colloidal Pd NPs suffer from recycling difficulty for further use. We also tested the reusability of the Pd NP-loaded lter paper. We can see that more than 98% of 4-NP is transformed to 4-AP within 36 min even at the fourth cycle of the catalytic reaction, demonstrating the reusability of the Pd NP paper (Fig. S6, ESI †) . The slightly decreased catalytic activity of the Pd NP paper is likely owing to the swelling of the cellulose bers during the reaction, thereby slightly affecting the access of 4-NP to the Pd NPs loaded inside the pores of the cellulose brils. This can also be applied to explain the slight decrease of the catalytic activity in the conversion of Cr(VI) to Cr(III) during reuses. In addition, the Pd NPs loaded onto the lter paper showed no appreciable release into the reaction solution, which can be further conrmed by ICP-OES analysis, where no Pd content could be detected even aer 4 cycles of reaction.
Conclusions
We present a convenient, time-saving, cost-effective, and sustainable approach to immobilizing Pd NPs onto lter paper via PEI-mediated in situ reduction of PdCl 4 2À . The porous lter paper can be immobilized with Pd NPs with a Pd core size of 3.0 nm and Pd loading percentage of 1.1%. The Pd NP-loaded lter paper can be adopted to catalyze the conversion of Cr(VI)
to Cr(III) with an efficiency of 98% within 28 min and 4-NP to 4-AP with an efficiency of 98% within 36 min with an excellent reusability. Such a strategy to immobilize Pd NPs onto lter paper may be applicable to immobilize other metal or metal oxide NPs onto lter paper for a range of applications.
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